Summary.-Freshly isolated clones of high cloning efficiency from a mouse fibrosarcoma were examined for DNA content, cell size, protein content, and malignant characteristics such as artificial lung-colony-forming ability, s.c. tumour take, host survival, and spontaneous metastatic ability.
tumour take, and host survival.
Despite variability of each parameter, the ratio of DNA content to cell size or protein content remained constant through these variations: the increased DNA paralleled increased protein and increased cell volume. The increased DNA was correlated with the more malignant characteristics of local growth and lung-colonyforming efficiency.
Spontaneous metastasis to the lung was totally different from the local growth abilities; the small-cell clone produced more metastases.
The graded nature of malignant properties and the differentiation between local growth and metastatic potential among the daughter clones indicate that malignancy reflects a complex moiety of cell properties.
ONE OF THE FEATURES of malignant tumours is their individuality from one to another. Also, tumour cells within a single tumour are heterogeneous in various characteristics. We have established an experimental model system by freshly isolating clones from a mouse fibrosarcoma in order to investigate the role of heterogeneity of tumour cells in the process of development of malignant properties and in the curability of tumours (Suzuki & Withers, 1978a) .
In earlier reports we described the heterogeneity of these clones in DNA content, cell size, and lung-colony-forming efficiency (LCFE) (Suzuki et al., 1977b . Since then we have accumulated more data on plating efficiency (PE) and LCFE, to make quantitative comparisons among these clones. Further, we have studied other malignant properties, such as s.c. tumour take, growth rate, host survival, and spontaneous metastatic ability, as well as biochemical determination of cellular DNA and protein content.
In the present communication these results are reported along with examination of the following: whether malignant properties vary simultaneously or separOncology Center, Radiobiology Laboratory, 600 N.
ately; whether variation of any malignant properties correlates with variation of DNA content and other cellular properties.
MATERIALS AND METHODS
Cells and culture.-The fibrosarcoma clones were isolated from a methylcholanthreneinduced fibrosarcoma by repeated cloning in soft-agar medium for enhanced clonogenicity. From the initial cutlure (FSA1), 24 clones, designated FSAII to FSA124, were isolated. FSA123, having the highest PE, was used for the second cloning, and 18 clones, FSA1231 to FSA12318, were established. The ranges of PE were 10-7-10-6 at initial culture, <0-01-4.8% at the first cloning, and 1-35% at the second cloning. The PEs were heterogeneous among the clones. We have chosen clones of similar PE from the second cloning, but included clones of different DNA content for the analysis of the relationship between malignant characteristics and other cell properties. The parental fibrosarcoma cells, which had relative DNA content of 1-45 determined by flow microflurometry (FMF) is not included in these comparisons because the cells did not grow well in vitro. The cells have been stored in liquid N2 to avoid unnecessary passages. For experiments the cells were cultured in a humidified CO2 incubator with McCoy's 5A medium containing 20% foetal calf serum (Grand Island Biological Company, Grant Island, NY) . PE experiments were performed in medium containing 0.14% soft agar (Suzuki & Okada, 1976) . Cells were inoculated in 4 or 8 tubes per clone, 100-500 cells per 5 ml medium.
Cell counting and volume analysis.-Cell count and volume distribution analyses were carried out with a model ZBI Coulter Counter and a Channelyzer II multichannel analyser and plotter (Coulter Electronics, Hialeah, FL). The counter was fitted with a 70,um diameter, 84,tm long aperture. The system was calibrated with latex beads. The average cell volume in a given sample was calculated from the modal channel number of the volume distribution, in late-log-phase culture.
Biochemical determination of cellular DNA and protein content.-After 2 consecutive daily medium changes of the confluent culture, the cells were harvested by trypsinization and washed twice with Solution A and then once with saline by centrifugation.
Although confluent cultures were used, the cells analysed biochemically were not a pure G1 population, and hence these measurements were mean values for a mixture of G1, 5, and G2 + M cells, while FMF determined the DNA content of G1 cells. The DNA of 1-2x 106 cells per ml was hydrolysed in 0-5N PCA by incubation at 70TC for 15 min, chilled in ice, and spun. The supernatants were used for DNA assay with diphenylamine (Burton et al., 1956) . The precipitates were solubilized in IN NaOH at 70TC for 15 min and adjusted to 106 cells per ml of 0-5N NaOH and served for protein measurements by Lowry's method.
Lung colony formation, tumour take, and host survival.-C3Hf/Kam male mice, 7-13 weeks old, were obtained from our specificpathogen-free breeding colony and used in these experiments. For lung colony formation, single-cell suspensions of 105 cells in 0 5 ml medium were injected into tail veins of unirradiated mice without addition of heavily irradiated cells or microspheres. Single-cell suspensions were obtained by trypsinization of late-log-phase cultures. These cultures were used as the standard condition because of the cycle dependence of lung colony formation (Suzuki et al., 1977a) . The cell suspensions were routinely examined by a phase-contrast microscope and a Coulter counter. There were no cell clumps in the suspensions used. This ease in making singlecell suspensions is one of the useful features of this FSA cell system . Mice were killed 19 days after injection. Lungs were placed in Bouin's fluid and lung colonies were scored macroscopically. Although the number of lung colonies of FSA1233 and FSA1231 reached their plateau level 10-12 days and 14 days after injection, respectively we chose a longer incubation time (19 days) because of possible differences of growth rate among clones.
For experiments involving tumour take or host survival, single-cell suspensions were made at 2x 105/ml or 2x 106/ml, unless otherwise specified. Mice were inoculated with 0 5 ml of suspension per site, 1 or 4 sites per mouse. Mice were observed daily.
Spontaneous metastasis.-In the experiment reported in Table III Tumour size was measured with calipers one day before killing, and is presented in Table  III as the product of two diameters. In order to minimize loss of animals from local tumour growth, those killed for counting lung metastases at 49 and 56 days had the largest tumours at those times (Table III) (69) 9 (56) 15 (75) 2 (13) FSA1231 (Fig. 3) . These data show that FSA1233, the clone of larger cells with more DNA, was more malignant in terms of the three tests than was FSA1231, the clone of smaller cells with less DNA. (Atkin, 1966; Stich, 1960) . Karyotype analyses have also provided supportive evidence for the concept that tumour cells vary and evolve (Foulds, 1969; Hauschka, 1961; 1Hsu, 1961; Makino, 1957; Medina, 1975; Nowell, 1976) . One of the purposes of the present study was to inquire why the DNA content of most tumour cells is increased, and to examine whether there is any positive role of increase in DNA content or alteration of DNA content in the development of malignant properties.
The clones were isolated after repeated clonings in soft agar medium, and have been kept in liquid N2 except for experimental use. Since we have assumed that malignancy involves multiple factors, minimizing the passage of daughter clones should have reduced the variations introduced experimentally. Cloning in soft agar was used to eliminate or lessen "noise" in the intercomparisons of tumour-cell properties that would result from contamination by nonclonogenic cells, nonmalignant variants or normal cells.
The present study showed that DNA content was correlated with cellular protein content and cell size, and these correlated with LCFE, s.c. tumour take rate, and subsequent growth rate and host survival. In local growth ability and LCFE after i.v. injection of tumour cells, a largecell clone was more efficient than a smallcell clone. However, with respect to "spontaneous" development of (lung) metastases, from a tumour implanted and growing in the thigh, FSA1231, a smallcell clone, was more efficient.
The DNA content varied concomitantly with cell volume, protein content, and the malignant characteristics of the clones in terms of local growth ability. Therefore, the increase of DNA content appears to be significantly involved in the process that leads to variation in malignant characteristics, although the close correlation of the phenomena is not enough to establish a causal relationship. In addition, the close relationship between DNA content and protein content is not unique only to this sytem, and the phenomenon has been documented, for example, in mouse mammary carcinoma, Ehrlich ascites tumour, and lymphoma cells of different ploidy (Bassleer & De Paermentier, 1977; Kit, 1960) .
The reasons for the increased growth ability of the cells with increased DNA content or cell volume remain to be clarified. It has been described that neartetraploid tumour cells were more efficient than near-diploid tumour cells in acquiring strain independent transplantability, i.e. against immunogenic host reaction (Hauschka & Levan, 1953) . In cultured mammalian cells, increased resistance to drugs or hypertonicity paralleled gene amplification (Alt et al., 1978) or polyploidization (Li et al., 1978) . All the clones of the present system so far examined had similar or higher levels of DNA content relative to the parental fibrosarcoma (Suzuki et al., 1977b) . This indicates that increasing DNA content was closely related to the process of increasing clonogenicity in adverse medium from an order of 10-7 to 10-6 to a level of 1-350%.
During developmental and evolutionary processes in normal cells, the DNA content and cell volume maintain a constant ratio (Biodsky&Uryvaena, 1977; Szarski, 1976) as was the case in this fibrosarcoma system. Polyploidization or increasing DNA content may enhance the survivability and growth ability of neoplastic cells under an adverse environment in a similar sense to that postulated for the increased efficiency of normal cells of higher ploidy in developmental and evolutionary processes. This preferential growth ability of part of a tumour-cell population in a certain environment may be an important factor in a selective process during neoplastic development.
Lung-colony-forming efficiency is also higher for S or G2 + M cells than for G1
cells of the FSA1233 cell (Suzuki et al., 1977a) . One explanation for the increased LCFE of large cells is that they are trapped more efficiently in lung capillaries; however, such an explanation could not be applied to the increased efficiency of s.c. growth of cells from the larger-cell clone reported here. Fidler (1973) selected cell lines with enhanced LCFE from B16 melanoma by repeating lung-colony formation many times. Organ selectivity in the metastatic process, and heterogeneity of metastatic potential among tumour cells have been advanced as essential factors in metastasis (Briles & Kornfeld, 1978; Brunson et al., 1978; Fidler & Kripke, 1977; Nicolson & Winkelhake, 1975; Suzuki et al., 1978a; Susuki & Withers, 1978 Tao & Burger, 1977; Tao et al., 1979; Tarin & Price, 1979) . The organ selectivity and increased metastatic potential has been ascribed to selective adhesion of the tumour cells to a certain tissue or organ (Nicolson & Winkelhake, 1975; Brunson et al., 1978) .
While our experiments support heterogeneity of tumour cells as an essential part of metastatic growth, selective adhesion of the tumour cells to a certain tissue or organ cannot explain the differences seen between FSA1231 and FSA1233 observed in LCFE and spontaneous metastasis frequency. If the affinity of tumour cells for the lung is the prime determinant of these differences, the clone FSA1233, which had a higher LCFE than FSA1231, would have a higher frequency of spontaneous metastasis to the lung. The important factor(s) in this system remain to be clarified, although the metastatic process requires other factors than those involved in local growth (Suzuki & Withers, 1979 ; present results).
In conclusion, cellular DNA content, volume, protein content, and distant metastasis, as well as LCFE, s.c. tumour transplantability, and growth rate, were heterogeneous among clones derived from a single murine fibrosarcoma. Malignancy can vary and was not "all or none" in its nature. Increasing DNA content was an important factor in the development and maintenance of malignancy in terms of local growth ability, but the development of spontaneous distant metastasis seemed to involve different factor(s).
